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▼Repetitive elements often pose considerable problems for
the assembly of DNA sequences derived from shotgun li-
braries (Ref. 1, 2, 3). To avoid these problems, we devel-
oped a highly efficient and reproducible method based on
the subclone sequencing of cosmids. EcoRI fragments of an
average-sized cosmid were shotgun subcloned into the pBR
plasmid vector and then sequenced from both ends with
standard primers (M13 universal and reverse) using the
4200L dual system automated sequencer (Licor). In order
to sequence all clones that could not be sequenced com-
pletely in the first step, we developed a strategy employ-
ing restriction endonuclease digestion to generate sequen-
tially shortened insert fragments with precisely defined re-
striction sites at their ends that could be sequenced in
parallel.
Six hundred nanograms of subclone DNA were digested
overnight with endonucleases that cut only the vector’s
multiple cloning site (MCS) (see Fig. 1a). For pBR-subclones
AccI, ApaI, BamHI, EagI, EcoRI, HincII, HindIII, KpnI, NotI,
PstI, SacI, SacII, SalI, SmaI, SpeI, XbaI and XhoI were used.
Restriction patterns indicative of additional cleavage sites
within the unknown insert sequence were visualized by
electrophoretic separation of 400 ng of the digested plas-
mid DNA on a 1% agarose gel (see Fig. 2). The remaining
200 ng of the relevant digested DNA samples were religated
overnight in a large volume (100 µl) in order to minimize
reincorporation of the excised fragment into the vector (see
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Fig. 1a). The ligation mixture was then used to transform
DH5α Escherichia coli. Using the overnight protocol for di-
gestion, only one clone had to be picked for DNA prepara-
tion, which was done with the spin-column kit (Qiagen).
After digestion for only 1 h, two clones had to be picked to
be sure of getting the deleted insert. Subsequent sequencing
of the shortened inserts from both ends using the same set
of primers as before yielded one already known sequence
and one new insert sequence (see Fig. 1a).
In order to obtain additional deleted clones of plasmids
containing inserts longer than 4.5 kb, 700 ng of these clones
were digested with AflII, BclI, BglII, BspMI, BstEII, HpaI,
MluI, NcoI, NdeI, NruI, SnaBI and StuI overnight (see Fig.
1b). These enzymes do not cut the vector but possibly cut
the insert sequence. Linearized plasmids were detected by
separation of 400 ng of the digested DNA on a 1% agarose
gel (see Fig. 3).The remaining 300 ng DNA of these digests
were split and digested with either HindIII or XbaI. These
enzymes cut the MCS of the vector on opposite sites of the
insert (see Fig. 1b). After precipitation of the DNA and T4-
polymerase fill-in reaction, vectors were blunt-end religated
in a 100 µl volume. Again, sequencing of each clone from
both ends using M13 universal and reverse primers yielded
novel sequences on one side only, confirming the deletion
of the plasmid.
Finally, gaps between the obtained sequences were closed
by conventional primer-walking (Ref. 4, 5). Neighboring
EcoRI fragments were linked by PCR and sequencing of the
PCR products.
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FIGURE 1. Double-restriction strategy to generate sequentially shortened vector inserts. Shadowed areas denote sequences known after the initial
round of sequencing of the original shotgun-derived subclones. (a) Digestion and religation of a pBR plasmid with enzymes cutting the multiple cloning site
(MCS). (b) Digestion of a pBR plasmid with enzymes that do not cut the vector. Religation of two different deleted plasmids after subsequent digestion
with two enzymes (HindIII and XbaI) that cut the MCS on opposite sides of the insert.
If EcoRI fragments turn out to be too large for cloning,
the same strategy can easily be employed starting with an-
other enzyme like PstI or SmaI that might produce smaller
fragments.
With this method, we sequenced a 30-kb-insert-
containing cosmid mapping to human chromosome
Xp22.3. We found two clusters of 6 kb and 4.5 kb with
a repeat content of up to 90%, mainly consisting of Alu
FIGURE 2. Digestion of a 7 kb EcoRI-fragment containing plasmid with enzymes of the multiple cloning site (MCS). Arrows indicate the samples that
were used for further analysis.
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FIGURE 3. Digestion of a plasmid with a 7 kb insert with enzymes that do not cut the vector. Arrows indicate the samples that were used for the
second restriction, religation and sequencing.
and Line1 repeats which cover 3.8 kb and 2.5 kb of these
regions, respectively. In the remaining sequences, 10−20%
repetitive elements were found. The resulting sequence re-
dundance was approximately 3.5 times.
Since the sequence assembly was done for each EcoRI
fragment separately and the estimated length of the
deleted clones and the sequence of the oligonucleotides
used for primer walking yielded additional positional
information for each individual sequence, there were no
failed assemblies.
In conclusion, it appears possible for one person to se-
quence and correctly assemble an average-sized cosmid in-
sert with any amount of repetitive sequences within less
than four weeks using the strategy outlined here. Costs are
much less than for conventional shotgun library sequenc-
ing because this approach uses a much smaller number of
sequencing reactions.
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Products Used
4200L dual system automated sequencer:
4200L dual system automated sequencer from Licor
Inc
spin-column kit: spin-column kit from QIAGEN
GmbH
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